Abstract Crystal structure analysis of the zinc complex establishes it as a distorted octahedral complex, bis(3-methylpicolinato-j
Introduction
Among the over 300 zinc metalloenzymes involve in cell functions and metabolism, zinc-finger topors have become prominent due their recently discovered role in tumour suppression (Stehbens 2003; Lin et al. 2005) . Besides topoisomerase I, they can also bind to p53, AAV-2 Rep78/68 proteins and map to tumour suppressor genes on the human chromosome 9p21. Zinc-dependent endonucleases have been identified as one type of duplex DNA cleaving enzymes in plants (Jiang et al. 2008) . Among enzymes which can cleave single stranded DNA are those which are zinc metalloenzymes or those which require zinc(II) for this property (Desai and Shankar 2003; Waterborg and Kuyper 1982) . Consequently, the synthesis and study of zinc(II) complexes have been regularly reported. An area of active research is the design and application of artificial, DNA-binding zinc finger proteins for recognition of diverse set of DNA sequences in a sequence-specific manner (Papworth et al. 2006; Nagaoka and Sugiura 2000) . However, simple zinc(II) complexes with simple organic ligands having similar DNA sequence binding recognition are rare. Numerous zinc complexes are reported to be able to hydrolytically cleave DNA and RNA (Li et al. 2009; Bazzicalupi et al. 2008; Mancin and Tecilla 2007; Qian et al. 2007; Boseggia et al. 2004 ). However, some zinc complexes need activation by exogenous agent or a change in chemical environment or reaction condition for DNA cleavage (Ramakrishnan and Palaniandavar 2008; Seng et al. 2008) .
DNA topoisomerases are important enzymes in the nucleus that modify the topological state of DNA through the introduction of transient breaks in the phosphodiester backbone of the DNA (Wang et al. 1998) . They play essential roles in mitosis, particularly in DNA transcription and replication. These enzymes have been identified as important targets in cancer chemotherapy and microbial infections (Kumar Singh et al. 2007 ). In fact, topoisomerase I inhibitors are quoted as having a wide range of antitumor activities and are among the most widely used anticancer drugs clinically (Sunami et al. 2009; Rothenberg 1997; Beretta et al. 2008; Teicher 2008; Pommier 2008 ). However, not many metal complexes have been reported to inhibit topoisomerases. Very few zinc compounds have been reported to inhibit topoisomerase I and II (Kikuta et al. 2000; Chuang et al. 1996) . A ternary zinc(II) complex of 1,10-phenanthroline and edda binds to duplex oligonucleotide ds(AT) 6 more selectively than ds(CG) 6 , and efficiently kills MCF-7 breast cancer cells by inducing cell cycle arrest ).
Beside the above zinc ternary complex, other transition metal complexes are now been investigated as DNA binding agents and are now recognized to have both binding and DNA molecular recognition capabilities (Seng et al. 2008 (Seng et al. , 2009 Zeglis et al. 2007 ). Among them, octahedral metal complexes have been found to be able to differentiate different DNA conformations (B-, Aand Z-forms), to have binding site selectivity (minor or major groove; mismatched nucleobase sites) and to have nucleobase sequence recognition (Zeglis et al. 2007) . We are particularly interested in elucidating the nature of DNA molecular recognition of simple, varied geometrical metal complexes for different DNA structures and conformations, and nucleobase sequence recognition. For mononuclear metallointercalators, the intercalating ligand can anchor the metal complex between adjacent bases in differing intercalating mode and consequently orientate the other ligand(s) to interact with nucleobases in their vicinity. One particular aim of our work was to find out (1) whether both the main ligand and the auxiliary ligand(s) contribute to the DNA recognition and (2) type of interactive forces (pÁÁÁp, H-bonding, van der Waals, covalent) contributing towards the sequence recognition. Here, we report the crystal structure of a new zinc ternary complex, its nucleolytic property and its interaction with duplex DNA, various duplex oligonucleotides, G-quadruplex and topoisomerase I. Molecular modeling was carried out to further explore the binding selectivity among various duplex oligonucleotides.
Materials and methods

Materials
Most of the reagents were of analytical grade and were used as supplied. The pBR322, gene ruler 1 kb DNA ladder, 69 loading buffer, were bought from BioSyn Tech (Fermentas). Analytical grade agarose powder was purchased from Promega. CD 3 OD, Salmon testes DNA, calf-thymus DNA, sodium chloride (NaCl), human DNA topoisomerase I and ethidium bromide were purchased from Sigma Chemical Co. (USA). All solutions for DNA experiments were prepared with ultra-pure water from a Elga PURELAB ULTRA Bioscience water purification system with UV light accessory. The Tris-NaCl (TN) buffer was prepared from the combination of Tris base and NaCl dissolved in aqueous solution in which the pH was adjusted with hydrochloric acid (HCl) solution till pH 7.5. The Tris-NaCl buffer pH 7.5 contains Tris at 5 mM and NaCl at 50 mM unless otherwise stated. All stock solutions of H 2 O 2 and sodium ascorbate in deionized water and test compounds in Tris-NaCl buffer were freshly prepared daily.
Methods
Elemental analysis of C, N and H was carried out on a Perkin Elmer 2400 CHN analyzer. The FTIR spectra of the complex were recorded as KBr disc in the range 4,000-400 cm -1 on a Perkin Elmer FT-IR spectrometer. 1H NMR spectrum was recorded in deuterated methanol-D4 on a JEOL ECA 400 MHz instrument. UV-visible spectroscopic measurement was carried out on a Perkin Elmer Lambda 40. Fluorescence measurements were performed using a Perkin-Elmer LS55 photoluminescence spectrometer. Circular Dichroism (CD) study of the interaction of zinc complex with CT-DNA or ds(oligonucleotide) or G-quadruplex was carried out with a 1.0 cm or 1.0 mm quartz cells, respectively, using a Jasco J-810 spectropolarimeter.
Synthesis of bis(3-methyl-picolinatoj 2 N,O)(1,10-phenanthroline)zinc(II) tetrahydrate Zinc acetate monohydrate (0.22 g, 1 mmol) and 1, 10-phenanthroline (0.20 g, 1 mmol) were heated in ethanol (20 ml) for 1 h followed by addition of 3-methylpicolinic acid (0.274 g, 2 mmol). The mixture was stirred for 24 h at room temperature. The white precipitate formed from slow evaporation of the solvent was filtered off, wash with cold water and chloroform. IR (KBr): 3, 403, 1, 622, 15, 798, 1, 518, 1, 450, 1, 424, 1, 364, 1, 277, 1, 242, 1, 200, 1, 143, 1, 143, 1, 123, 1, 104, 867, 849, 804, 727, 707, 679, 639, 575, 421 H 4.78; N 9.50 found: C 53.28, H 4.61, N 10.05 . Recrystallizing the white solid from water/methanol mixture (1:1) yielded crystals suitable for X-ray crystal structure analysis.
Determination of crystal structure
The unit cell parameters and the intensity data were collected on a Bruker SMART APEX CCD diffractometer, equipped with a graphite monochromated MoK a X-ray source (k = 0.71073 Å ). The APEX2 software was used for data acquisition and the SAINT software for cell refinement and data reduction (Bruker 2007) . Absorptions corrections on the data were made using SADABS (Sheldrick 1996) . SHEL-XL97 was used for solving and refinement of the structure (Sheldrick 2008) . The structure was solved by direct-methods and refined by a full-matrix leastsquares procedure on F 2 with anisotropic displacement parameters for non-hydrogen atoms. Hydrogen atoms in their calculated positions were refined using a riding model. The crystal data details are summarised in Table 1 while selected bond lengths and angles are given in Table 2 .
DNA cleavage experiments
Agarose gel electrophoresis experiments were carried out on supercoiled plasmid DNA pBR322 (4.4 kb) using a horizontal gel system. For the cleavage studies, each 20 ll sample consisted of the complex dissolved in buffer, DNA, and the required volume of additional buffer. All samples were incubated in the dark in an incubator at a temperature of 37°C. The reaction mixtures were prepared as follows: 1 ll of 50 lM compound or salt were added to the mixture of 0.5 ll of supercoiled plasmid DNA pBR322 (0.25 lg/ll) and Tris-NaCl buffer pH 7.5 was added to give a total volume of 20 ll. The reactions were performed after incubating the reaction mixtures at 37°C for 24, 48 or 72 h. Three microliter of 69 loading buffer was added to 20 ll of the reaction mixtures and electrophoresis was performed at 80 V for 90 min in Tris-acetate-EDTA (TAE) buffer, pH 8.1, using 1.5% agarose gel. After electrophoresis, the agarose gel was stained with ethidium bromide solution (0.5 lg/ml). For the oxidative or reductive cleavage studies, incubation of the samples was similarly carried out. The DNA cleavage profile was analyzed using 1.5% agarose gel in a horizontal gel tank set with a running time of 2 h, at a constant voltage of 80 V. Each reaction mixture consisted of 0.5 lg/ll DNA and Tris-NaCl buffer pH 7.5 unless otherwise mentioned. The resultant DNA bands after the electrophoresis step for each set of experiments were stained with ethidium bromide before being photographed under UV light using a Syngene Bio Imaging system and the digital image was viewed with Gene Flash software.
For the DNA cleavage by compound in the absence of exogenous agent, mechanistic experiments were similarly carried out to test the effect of radical scavengers, viz. sodium azide (NaN 3 ), thiourea, and tiron, on the DNA cleavage was also used to test any cleavage inhibition. All final reaction mixtures were obtained by topping up with Tris-NaCl buffer pH 7.5.
DNA binding studies
Stock solutions of calf thymus DNA (CT-DNA) was prepared by dissolving the DNA in buffer solution at 4°C, and the resultant homogeneous solutions were used within 2 days. The concentration of CT-DNA per nucleotide phosphate was calculated from the absorbance at 260 nm by using e = 6,400 M -1 cm -1 . The purity of the DNA was checked by monitoring the absorbance at 260 and 280 nm. PAGE grade selfcomplimentary 12-mer oligonucleotides (CG) 6 , (AT) 6 , (CGCGAATTCGCG), (CGCGATATCGCG), HPLC grade G-quadruplex 22-mer oligonucleotide 5 0 -AG GGTTAGGGTTAGGGTTAGGG-3 0 , and 17-mer complementary oligonucleotides 5 0 -CCAGTTCG TAGTAACCC-3 0 , 3 0 -GGTCAAGCATCATTGGG-5 0 were annealed, to give the respective duplex, as specified by the supplier, 1st BASE and Eurogentec Ait. The circular dichroism spectra were obtained by scanning Tris-NaCl buffered solutions of the DNA without and with [Zn(3-methyl-pic) 2 (phen)]. Fluorescence (FL) emission spectra were recorded in the wavelength range 270-420 nm by exciting the respectively solutions with light at 226 nm. Excitation and emission slits were set at 10 nm. Solutions of DNA, and a series of [Zn(3-methyl-pic) 2 (phen)] was prepared in TN buffer (5 mM Tris, 50 mM NaCl) at pH 7.5 unless specifically stated. All the CD spectral bands of the DNA alone and with the zinc complex are tabulated in Table 3 .
Ethidium bromide displacement assay
Ethidium bromide displacement assay were performed by measuring the emission of ethidium bromide bound to DNA which shows the enhanced emission intensity due to its intercalative binding to DNA. The competitive binding of the metal complex to the DNA reduces the emission intensity of ethidium bromide (EB) with either the bound complex quenching the emission or a displacement of the bound ethidium bromide from the bound to the free state. Fluorescence measurements were performed using a Perkin-Elmer LS55 photoluminescence spectrometer. All the fluorescence measurements were taken at k ex of 545 nm and k em of 600 nm at room temperature.
For determination of binding constant of zinc complex with CT-DNA, a TN buffer (5 mM Tris, 50 mM NaCl) at pH 7.5 was used. Prior to titration with the zinc complex, each 3 ml mixture of ethidium bromide, EB (0.32 lM) and CT-DNA (10 lM) is incubated for 24 h to allow saturation of DNA with EB. The detail of the procedure has previously been reported (Seng et al. 2009, unpublished data) . For the corresponding determination of binding constant with duplex deoxyoligonucleotides, the optimized conditions were based on previously reported procedure for high-throughput screening of DNA of short nucleotide sequences (Boger et al. 2001) . The ratio of duplex:EB is 1:2 and the TN buffer (pH 7.5) composition is 100 mM Tris and 100 mM NaCl. Prior to titration with zinc complex, each 3 ml mixture of EB (2 lM) and duplex oligo (1 lM) was incubated for 24 h to attain saturation. For both cases, the serial titration was completed by adding 1 ll of increasing concentration of zinc complex from appropriate stock solutions to the series of 3 ml EB-DNA mixtures until the quenching of DNAbound EtBr fluorescence exceeds 50%. The final reaction mixtures were incubated for 2 h before measurement of their fluorescence intensity. The fluorescence intensities were plotted against the complex concentration to yield a curve that showed the relative extent of quenching of DNA-bound EB (data not shown Table 4 .
Human DNA topoisomerase I inhibition assay
The human DNA topoisomerase I inhibitory activity was determined by measuring the relaxation of supercoiled plasmid DNA pBR322. Each reaction mixture contained 10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM Phenylmethylsulfonyl fluoride, a-Toluenesulfonyl fluoride, PMSF, and 1 mM 2-mercaptoethanol, 0.25 lg plasmid DNA pBR322, 1 unit of human DNA topoisomerase I, and the test compound or zinc complex at a specified concentration. Total volume of each reaction mixture was 20 ll and these mixtures were prepared on ice. Upon enzyme addition, reaction mixtures were incubated at 37°C for 30 min. The reactions were terminated by the addition of 2 ll of 10% SDS, and then followed by 3 ll of dye solution comprising 0.02% bromophenol blue and 50% glycerol. SDS is required to denature topoisomerase I, preventing further functional enzymatic activity. The mixtures was applied to 1.2% agarose gel and electrophoresed for 5 h at 33 V with running buffer of Tris-acetate EDTA, TAE. The gel was stained, destained, and photographed under UV light using a Syngene Bio Imaging system and the digital image was viewed with Gene Flash software.
Same protocol was applied in the Human DNA topoisomerase I inhibition condition study. The only variation is the sequence in adding the main components (human DNA topoisomerase I, plasmid DNA pBR322, and zinc complex). Two conditions were studied in this assay. In the first condition, human DNA topoisomerase I was incubated with zinc complex at 37°C for 30 min and then DNA was added and the reaction mixture was incubated for another 30 min at the same temperature. In the second condition, zinc complex and DNA were incubated for 30 min at 37°C first before the addition of topoisomerase I. Then, the resultant reaction mixture was incubated for another 30 min at the same temperature. This is a preliminary result of an investigation into the mode of action of zinc complex on the Human DNA topoisomerase I. The 3-D structures of DNA used for the docking simulations were obtained from the PDB (http://www. rcsb.org/pdb/home/home.do) and PDBSum (http:// www.ebi.ac.uk/pdbsum/) data banks, and are double helices associated with ligands. The specific DNA structures used in the calculations are summarized in Table 5 . The DNA structures were chosen as to allow an evaluation of the binding preference for AT and CG sequences. The H atoms for each of 2da8 and 1g3x (Malinina et al. 2002) were added using the VegaZZ 2.0.8 programme (Pedretti et al. 2002 (Pedretti et al. , 2003 (Pedretti et al. , 2004 , in all other cases H atoms were included in the deposited data. Docking simulations were carried out using the 4.01 GOLD (Genetic Optimization for Ligand Docking) program (Jones et al. 1995 (Jones et al. , 1997 , which is based on Genetic Algorithms. This method allows partial flexibility of the hydroxyl groups of the respective DNA molecule and full flexibility of the ligand. In order to evaluate the GOLD scoring function, all water molecules were removed from the DNA molecules. The two last columns of Table 5 list the atom used as centre of the calculations and the radius of the sphere searched, respectively. For 1g3x and 2rou, a smaller sequence was evaluated in order to obtain a better comparison with the experimental results, these are designated 1g3xM and 2rouM, respectively.
The function fitted was GoldScore:
Fitness ¼ Sðhb extÞ þ 1:3750 Â Sðvdw extÞ þ Sint where S(hb_ext) is the DNA-ligand hydrogen bond score, S(vdw_ext) is the DNA-ligand van der Waals score, Sint is the score from intramolecular ligand interactions.
MTT assay
All tissue culture reagents were obtained from Sigma and Life Technologies Inc., Gaitherburg, MD. The oestrogen receptor positive human breast adenocarcinoma cell line MCF-7 cells were grown in RPMI 1640 supplemented with 10% FBS, 0.025 M Hepes, 0.024 M sodium bicarbonate, 50 units/ml penicillin G/streptomycin sulfate at 37°C in 5% CO 2 . MTT assay was used to test the cytotoxicity of zinc(II) complex which was incubated with cells for 72 h and it was carried out as previously described ). (Malinina et al. 2002) ; 2da8 (Addess et al. 1993 ); 2rou ); 1y9h Biometals (2010) , V = 2,708.67(12) Å 3 . The crystal structure is shown as an ORTEP plot (50% probability ellipsoids) in Fig. 1 (lattice water molecules are not shown). Each of the two bidentate 3-methylpicolinate ligand coordinates via its carboxylate oxygen atom and the adjacent pyridine nitrogen atom while the 1,10-phenanthroline binds via its two nitrogen atoms. The two picolinate ligands are positioned on the other side of the N-N atoms of the coordinated phen ligand and each picolinate moiety is orientated such that its plane is approximately directed along the Zn-N bond of the coordinated phen. As a result, the four ligating nitrogen atoms occupy the equatorial positions. The coordination geometry is a severely distorted octahedron. Consequently, the Zn-N bond length (mean value = 2.151 Å ) is longer than the Zn-O bond length (mean value = 2.081 Å ). In contrasts, the corresponding Zn-N and Zn-O bond lengths of the Zn-picolinate moieties are reverse in bis(pyridine-2,6-carboxylatoj Marco et al. 2004 ), i.e., the Zn-N bonds is shorter than the Zn-O bonds in these complexes. The carboxylate oxygen and carbonyl atoms of the 3-methyl-picolinate ligands form hydrogen bonds with the lattice water molecules. So, the 3-methyl picolinate ligand in this zinc complex can act as a H-bond acceptor while interacting with DNA unlike the coordinated ethylenediamine-N,N 0 -diacetate (edda) in M(phen)(edda) which has both H-bond donor and acceptor sites .
Results and discussion
DNA binding study
The interaction of the [Zn(3-Me-pic) 2 (phen)] with (1) duplex oligonucleotides of various specified nucleotide sequences, and (2) quadruplex DNA of the 23-mer oligonucleotide 5 0 -AG 3 (T 2 AG 3 ) 3 -3 0 and its corresponding duplex were investigated with CD and FL spectroscopy. CD spectroscopy is a useful technique in diagnosing changes in DNA morphology during drug-DNA interactions, as the band due to base stacking (275 nm) and that due to right-handed helicity (248 nm) are quite sensitive to the mode of DNA interactions with small molecules (Ivanow et al. 1973) .
The CD spectra of all the duplex oligonucleotides show a negative band at *250 nm due to DNA helicity and a positive band at *270 nm due to basepair stacking interaction, confirming the B-form conformation of these duplexes (Table 3 ). The first investigation was to find out any DNA binding preference for CG or AT sequences by the zinc complex. The zinc complex at a complex:duplex ratio of 1:8 greatly enhanced the positive band of the ds(AT) 6 , and this suggests the binding mode as intercalation ( Fig. 2a ; Seng et al. 2008) . There is also a shift of the k max of the positive band from 272 to 277 nm and formation of an induced positive band at 297 nm. At the same mole ratio, the zinc complex does not induce a significant change in the CD spectrum of the ds(CG) 6 , suggesting binding with total retention of the B-form conformation (Fig. 2b) . In terms of intensity enhancement DU at positive bands, the zinc complex induced a greater value (2.49 unit) for the ds(AT) 6 than that (0.85 unit) for the ds(CG) 6 . These results indicate stronger intercalation (Seng et al. 2008) . Similar preferential binding to AT-rich DNA is also shown by one of the optical enantiomers of octahedral Ru(II) mononuclear or dinuclear polypyridine complexes (Nordell et al. 2007 ). The following enantiomers bind more selectively to AT-sites:
, and DD-P (where P is a dimmer of [Ru(phen) 2 dppz] 2?
joined by a single bond). Zinc(II)-cyclen and zinc(II)-derivatized cyclen complexes (cyclen = 1,4,7,10-tetraazacyclododecane) were found to selectively bind to thymidine (dT) and uridine (U) in nucleosides and polynucleotides (Kikuta et al. 2000) . Interestingly, the zinc(II) complexes of cyclen derivatives appended with one or two alkyl or aryl groups have been proven to selectively bind to an AT-rich TATA box of the promoter region of SV40 early gene.
We next investigated the interaction with ds(CGC GAATTCGCG) 2 and ds(CGCGATATCGCG) 2 oligonucleotides. For the first duplex, there is not much change in CD spectrum due to binding of the zinc complex except for a slight enhancement of the positive band at *278 nm and a small induced band at 300 nm (Fig. 3a) . The zinc complex induced a greater enhancement of the positive band (at *277 nm) of the CD spectrum of the ds(CGCGATATCGCG) 2 at the same complex: duplex mole ratio (1:8) and a broadening of the negative band (Fig. 3b) . As for the ds(AT) 6 duplex, the zinc complex has induced a new positive band for the ds(CGCGATATCGCG) 2 at 297 nm. Comparing the CD results of these four ds(oligos) 2 , we infer that the chelated 1,10-phenanthroline of the zinc complex binds more selectively to ATAT sequence than to AATT sequence, and the resultant binding mode involving this ligand is intercalative. At the moment, we are unsure of the cause of the induced positive bands at *300 nm.
To investigate further the above nucleobase sequence selectivity, we used a EB displacement assay to obtain the apparent binding and quenching constants of the zinc complex with the four duplex oligonucleotides (Table 4 ). The apparent binding constants of the zinc complex for the ds(AT) 6 and ds(CG) 6 are 2.159 9 10 4 and 1.805 9 10 4 M -1 , respectively. Thus, the complex binds more strongly with ds(AT) 6 and this correlates with greater enhancement of the positive band of the CD spectrum of ds(AT) 6 compared to that with the ds(CG) 6 . Similarly, the binding constants of the zinc complex for the ds(CGCGA TATCGCG) 2 and ds(CGCGAATTCGCG) 2 are 1.781 9 10 4 and 1.571 9 10 4 M -1
, respectively. The results of this assay is in agreement with the CD results, i.e., both data support the conclusion that the zinc complex has DNA binding selectivity for AT-repeat and ATAT sequences.
The AT selectivity observed for the neutral [Zn(3-Me-pic) 2 (phen)] complex may be different from that of cationic, square pyramidal [Cu(phen)(L-arg)Cl] ? which has higher binding constant K app (1.11 9 10 6 M -1 ) for poly(dA)Ápoly(dT) than that (4.9 9 10 5 M -1 ) for poly(dC)Ápoly(dG) obtained from EB displacement assay (Patra et al. 2007 ). Computer simulation study of this copper complex using ds(CGCGAATTCGCG) 2 shows favourable stacking interaction by the phen moiety and H-bonding interactions with the AT base pair sequences of this duplex and the positively charged guanidinium end group. However, an optically active ternary octahedral ruthenium complex, D-cis-a-[Ru(RR-picchxnMe 2 )(phen)] 2? (picchxnMe 2 = N,N 0 -dimethyl-N, N 0 -di(2-picolyl)-1,2-diaminocyclohexane), was shown via NMR study to bind with AT selectivity in the minor groove of d(CGCGATCGCG) 2 and d(ATATCGA TAT) 2 duplexes without intercalation of the phen ligand (Proudfoot et al. 1997 ). On the other hand, recognition of zinc(II)-cyclen derivatives for AT-rich regions involve the zinc atom covalently bonding to N(3)-deprotonated anionic form of the thymine and the stacking interaction of the aromatic substituent group(s) at the cyclen with aromatic ring of proximal nucleobase (Kikuta et al. 2000) . Distamycin, a clinically useful non-metal drug, apparently recognise ATrich regions of DNA mainly by hydrogen bonding to adenine N(3) and thymine O(2) (Kikuta et al. 2000 ; and references quoted therein). It is not self evident how these diverse set of compounds exhibit AT-selectivity and the factors responsible for such recognition or the basis of such recognition have not been properly analyzed and compared. However, the DNA binding selectivity of [Zn(3-Me-pic) 2 (phen)] may account for the much lower binding constant of this complex for CT-DNA which has 50% CG and 50% AT (Table 4) .
Docking
To explore further the nature of the DNA binding selectivity by the [Zn(3-Me-pic) 2 (phen)], a molecular modelling study using the Gold Program was undertaken. The chosen duplexes were (1) AT-rich duplexes ds(GATATC) 2 (2da8) and d(GAATTC) 2 (1g3xM), and (2) GC-rich duplexes ds(CCATGC TACC)(GGTAGCGATGA) (1y9h) and ds(GCGC GC)(CGCGCG) (2rouM) for docking simulation with the zinc complex ( Table 5 ). The aim was to study the nucleobase sequence selectivity by computer simulation. The relative orientation and the interaction determined from the results of the docking study were analyzed using the graphical program: Discovery Studio Visualizer 2.0. The views in Fig. 4 show the different modes how the ''ligand'' [Zn(3-Me-pic) 2 (phen)] intercalated in the different DNA sequences. The different number of observed stacking pÁÁÁp, H-bonding, C-HÁÁÁp and C=OÁÁÁp interactions suggests that they are related to the strength of the ligand binding mode and is in accord with the obtained scores. The decreasing order of the scores for the duplexes with binding energy E (kcal/mol) is 2da8 (-70.38) [ 1g3xM (-68.77) [ 1y9h (-57.16 ) [ 2rou (-54.62) ( Table 6 ). An analysis of the interactions and the results of the score ( Thus, the docking results are reliable and warrant further analysis and discussion of the nature of the sequence recognition. Preliminary assessment leads us to believe (1) that both the intercalating ligand (phen) and 3-methyl-picolinate ligands with only H-bonding acceptor atoms ( Fig. 1: O1 , O3, N1, N2) contribute to this recognition, and (2) that the orientations of the two 3-methyl-picolinate ligands with respect to the planar phen ligand is important. Intercalation of phen in a given site and mode anchor it to the DNA and direct the orientation of the two 3-Me-pic ligands for interaction with nucleobases in their vicinity. Here, we focus on the contribution from intercalation of the phen.
(1) 2da8 = ds(GATATC) 2 Binding energy, E = -70.3 kcal/mol Phen moiety intercalates between A2/A4 diagonal base steps of different DNA strands, with central phen aromatic ring-nucleobase contact of 3.36 Å and adjacent phen aromatic ring-nucleobase contact distance of 3.13 Å , i.e., there are two p-p, aromatic ring-aromatic ring interaction (i.e., stacking interaction). In contrast, the phen moiety of [Zn(phen)(edda)] intercalate between the A/A adjacent base steps of the same DNA strand (Seng et al. 2008 ).
(2) 1g3xM = ds(GAATTC) 2
Binding energy, E = -68.77 kcal/mol Phen moiety intercalates between T19ÁÁÁA6/ T20ÁÁÁA5 base-pairs, with each of the two side aromatic rings of the phen ligand making p-p stacking interaction with base-pair above and that below the phen. The centroid-centroid distances for the T19-phen-T20 stacking interaction are 3.69 and 3.41 Å , respectively (Fig. 4b) and those for the A6-phen-A5 stacking interaction are 3.45 and 3.69 Å , respectively. These four p-p, aromatic ring-aromatic ring interactions are weaker than Binding energy, E = -57.16 kcal/mol Phen moiety intercalates between G17/C5 diagonal base steps of different DNA strands, with central phen aromatic ring-nucleobase contact of 3.16 Å and adjacent phen aromatic ring-nucleobase contact distance of 3.39 Å . These two p-p, aromatic ringaromatic ring interactions are comparative strong, compared to those found for the interaction of zinc complex with ds(GATATC) 2 .
(4) 2rouM = (GCGCGC)(CGCGCG)
Binding energy, E = -54.62 kcal/mol Here, there is only one weak p-p, aromatic ringaromatic ring interaction between the phen moiety and G20, with the centroid-centroid distance between phen-G20 of 3.76 Å .
From the above comparison of p-p interactions and analysis of other types of interaction between the zinc complex and the respective duplexes, the higher selectivity of the zinc complex for the ATAT sequence of 2da8 duplex can be ascribed to the greater number of the types of interaction (Table 7) and their combined total binding energy, E (Table 6 ). The 2da8 has multiple H-bonding, involving nucleobases A2, T5, A4 and C6, with the zinc complex and has pÁÁÁp (nucleobaseÁÁÁphen), pÁÁÁp (thymine C=OÁÁÁphen) and C-HÁÁÁp (picolinateÁÁÁT5). All these contribute to making the zinc complex having the highest binding energy for 2da8. Thus, it seems reasonable to ascribe the recognition of the ATAT sequence by the zinc complex to these interactions. In contrast, the DNA recognition of zinc(II)-cyclen Table 6 The scores for binding of zinc complex to various duplex oligonucleotides using docking calculations derivatives seems to be that it selectively binds to thymine by covalent bonding (Kikuta et al. 2000) . In optically-active ruthenium complexes, chirality seems to confer only one of the enantiomers with binding selectivity for AT-sequences, e.g., both D-[Ru(phen) 2 dppz] 2? and h-[Ru(phen) 3 ] 2? prefer AT-binding sites than GC-or mixed-sequence binding sites (Nordell et al. 2007 ). Some [Ru(Hdpa) 2 (diimine)](ClO 4 ) 2 (Hdpa = 2,2 0 -dipyridylamine; diimine = 1,10-phenanthroline derivatives) complexes shows preferential binding to AT than to GC or mixed sequences but the origin of this selectivity was not explained (Rajendiran et al. 2008) . Copper(II) bis-arginate [Cu(L-arg) 2 ](NO 3 ) 2 and [Cu(L-arg)(-phen)Cl]Cl as mimics of the minor-groove-binding natural antibiotic netropsin show preferential binding to the AT-rich region of double stranded DNA (Patra et al. 2007) . It seems that the matching of the crescent shape of the copper complexes to the DNA minor groove, electrostatic interaction, multiple H-bonding between the positively charged guanidinium end group of L-arginate ligand with A and T bases, and stacking interaction of the phen ligand are contributing factors towards AT-recognition.
G-quadruplex
Next, we use CD spectroscopy to investigate the interaction of the zinc complex with the single strand G-quadruplex DNA annealed from 5 0 -AG 3 (T 2 AG 3 ) 3 -3 0 and with the duplex DNA annealed from two complementary 17 nucleotide primers, 5 0 -CCA GTTCGTAGTAACCC-3 0 and 3 0 -GGTCAAGCATC ATTGGG-5 0 . Single strand quadruplexes can assume parallel structure, antiparallel structure or a mixture of both (Kypr et al. 2009; Zhang et al. 2007; Baker et al. 2006) . The CD spectrum of our G-quadruplex alone shows two maxima at 295 nm (degree of ellipcity, U = 3.64 units) and 246 nm (U = 2.20 arbitary units), and a minimum at 267 nm (U = -2.41 units) (Fig. 5, spectrum I ). This spectrum is typical of other reported anti-parallel quadruplexes, viz. d(T 2 AG 3 ) 4 , d(T 2 AG 3 ) 6 and dAG 3 (T 2 AG 3 ) 3 (Baker et al. 2006; Galezowska et al. 2007 ). Single strand, antiparallel G-quadruplexes can have two different strand orientations, viz. chair and basket (Baker et al. 2006) . Oligonucleotides with human telomeric sequence, in the presence of Na ? ion, form G-quadruplexes with antiparallel-stranded structures with their guanines having alternating syn-anti glycosidic conformations and give a characteristic positive peak at 295 nm and two small peaks: a negative at 265 nm and a positive at 240 nm (Galezowska et al. 2007) . CD data shows human telomeric sequence d[G 3 (T 2 AG 3 ) 3 ] formed antiparallel quadruplex in the presence of Na ? but formed a hybrid mixture of parallel and antiparallel structures in the presence of K ? (Lu et al. 2008) . Based on CD data, this hybrid mixture was shown to be converted to wholly antiparallel structure by the addition of a 5-methylated quinoline derivative,
A previously reported human telomeric sequence d[AG 3 (T 2 AG 3 ) 3 ] in the presence of 100 mM Na ? ions forms an antiparallel G-quadruplex structure, as evidenced (1) by its CD having a 295 nm positive band and 265 nm negative band and (2) by NMR studies (Xu et al. 2006) . Thus, our G-quadruplex annealed from 5 0 -AG 3 (T 2 AG 3 ) 3 -3 0 oligonucleotides with human tolemeric sequence in the presence of Na ? ions has an antiparallel structure with a basket strand orientation. The CD positive band at 297 nm is due to G-G base stacking (Kypr et al. 2009; Wei et al. 2008) .
The CD spectrum of the 20 lM of the antiparallel G-quadruplex 5 0 -AG 3 (T 2 AG 3 ) 3 -3 0 was monitored as it was titrated with increasing concentration of the [Zn(3-Me-pic) 2 (phen)] complex (from 60 to 120 lM). The intensity of both the positive band at 296 nm and the negative band at 267 nm of the CD spectrum is enhanced by the addition of the zinc complex (Fig. 5 , spectrum II). The enhancement of the positive band at 296 nm due to G-G base stacking suggests partial intercalation between G-tetrads by the zinc complex, reminiscence of enhancement of positive, base-base stacking band at *270 nm attributed to intercalation of B-form duplex DNA by metallointercalators. The enhancement of the positive band at 295 nm of the G-quadruplex CD spectrum by the zinc complex is the opposite to that observed for the interaction of acridine and bis-acridine with G-quadruplex where the decrease in the intensity of the positive band at 293 nm was interpreted as destabilization of the quadruplex structure (Nagesh and Krishnaiah 2003) . Thus, enhancement of the positive band of the CD spectrum of the present quadruplex suggests stabilization of the antiparallel quadruplex structure by the zinc complex. When the mole ratio of the quadruplex:zinc complex increases from 1:3 to 1:4, an induced positive band at 279 nm is completely formed (Fig. 5, spectrum III) . This intense induced positive band is similar to those which resulted from zinc complex binding to the B-form duplexes used in this study (Figs. 2, 3, 5b) . We are, as yet, unable to interpret the formation of this induced band. Except for this induced band, the overall shape of G-quadruplex remains unchanged, suggesting retention of the antiparallel structure. In contrast, CD spectral titration of ruthenium (II) , with four stranded G-quadruplex (TTGGGGGT) 4 shows significant decrease in ellipticity of both CD positive and negative bands with increasing Ru(II)-complex: G-quadruplex ratio (Talib et al. 2008) . The positive CD band at 265 nm was found to be split into two distinct bands at higher concentration of Ru(II)-complex. In contrast, the positive band at 296 nm of the CD spectrum of the single strand G-quadruplex 5 0 -AG 3 (T 2 AG 3 ) 3 -3 0 seems to be split into two distinct bands with higher [Zn(3-Me-pic) 2 (phen):G-quadruplex ratio (Fig. 5a ). Whether this higher mole ratio results in this splitting or merely in an additional induced band is merely interpretative.
A comparison of the interaction the zinc complex with the 24-nucleotide G-quadruplex with the complimentary 17-bp duplex by means of CD spectroscopy was undertaken. The annealed duplex has a B-form conformation as confirmed by the presence of a positive band at 279 nm due to basestacking interaction and a negative band at 249 nm due to DNA helicity. Incubating this duplex (20 lM) with the zinc complex (120 lM) greatly enhances the positive band at 279 nm without any shift in wavelength, indicating intercalation mode of binding by the zinc complex. The negative band intensity at 249 nm becomes more enhanced and there is a red shift of this band from 249 to 253 nm. Additionally, an induced positive band at 239 nm is formed.
Nucleolytic property
Zinc(II) is a non-redox active transition metal cation. Although many mononuclear and multinuclear zinc(II) complexes can bind to DNA and induce hydrolytic cleavage of DNA or model substrate, some are inactive because of the requirement of coordination unsaturation and presence of labile bonded nucleophile or nucleophilic pendant (Liu et al. 2004; Mancin and Tecilla 2007; He et al. 2009) . In this study, we examine the ability of co-ordinately saturated [Zn (3-Me-pic) 2 (phen)] to cleave pBR322 under hydrolytic conditions and in the presence of exogenous agents, sodium ascorbate (NaAsc) and hydrogen peroxide (H 2 O 2 ), using gel electrophoresis. Incubating the [Zn(3-Me-pic) 2 (phen)] with pBR322 at varying concentrations of the zinc complex (10-1,000 lM) for 24 h at 37°C, no DNA cleavage was observed (Fig. 6 ). When the DNA was incubated with 30 lM NaAsc or 30 lM H 2 O 2 , there is no DNA cleavage as the gel pattern is the same as that for DNA alone (Fig. 7, lanes L1-L3) . Similarly, there was no significant DNA cleavage observed when the DNA was incubated with 50 lM ZnCl 2 or 50 lM zinc complex (Fig. 7, lanes L6-L7) . However, when the DNA was incubated with 50 lM ZnCl 2 or 50 lM zinc complex in the presence of 30 lM NaAsc or 30 lM H 2 O 2 , there was noticeable increase in the intensity of the nicked band. The activation of zinc complex towards single strand DNA cleavage by sodium ascorbate is greater than that for the ZnCl 2 , suggesting coordination of the ligands results in slight increase in nucleolytic efficiency of the zinc(II) ion. Nucleolytic activation of [Zn(3-Me-pic) 2 (phen)] by ascorbate is greater than that by H 2 O 2 as evidenced by the thicker nicked band (Fig. 7, L10 & L13) . A previous study reported that 100 lM of two zinc(II) complexes containing modified bipyridyl ligand with
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L3 L4 L5 L6 L7 L8 L9 (Webb and Ebeler 2008) . In our DNA relaxation assay, one unit of human topo I can completely convert all the supercoiled plasmid pBR322 (4.4 kb) to fully relaxed topoisomer, which is the completely unwound covalently bonded closed circular DNA (Fig. 8, lane 4) . This is found in the slowest moving DNA band (labelled Form II) which contains the fully relaxed closed circular pBR322 and the originally present, small amount of nicked DNA (Diana et al. 2008) . The difference in plasmid size (compared with the one used by Webb) may account for the inability to separate the fully relaxed pBR322 from the nicked pBR322. Incubating the pBR322 with the highest concentration of test compound (ZnCl 2 , phen, zinc complex) from 4 to 40 lM, no cleavage or unwinding of the DNA was observed as the banding pattern is the same as the control without any added test compound (Fig. 8, lane 3) . As can be seen from Fig. 8a and b (lanes 6-9), the ZnCl 2 and phen do not inhibit the activity of the topo I as the DNA bands are the same as those observed for DNA incubated with topo I alone. The present negative results for the ZnCl 2 is in agreement with previous findings which found that its concentration needed to be above 80 lM to significantly inhibit topo I and presence of high excess of MgCl 2 was needed (Douvas et al. 1991) . Very high concentration of ZnCl 2 (mM levels) was also reportedly needed to inhibit topo I isolated from shrimp Penaeus japonicas (Chuang et al. 1996) . However, incubating the pBR322 with human topo I and increasing concentration of the [Zn(3-Me-pic) 2 (phen)] complex gives rise to reduction of the nicked band (containing nicked and fully relaxed DNA) and formation of various faster moving bands of topoisomers with different degree of relaxation (RN). At 10 lM of the zinc complex, unchanged supercoiled DNA band starts to appear (Fig. 8c, lane 7) . The appearance of slower moving bands of less relaxed topoisomers is observed with increasing concentration of the zinc complex (Fig. 8c, lanes 6-9) . These results show that the zinc complex can inhibit the function of topo I in relaxing the supercoiled pBR322, and also show that the degree of inhibition is concentration dependent. This zinc complex is a topo I inhibitor and not a topo I poison (which prevents the nicked DNA from relegation). As a preliminary investigation into the mechanism of action of the above topo I inhibition, we used three variations of mixing the DNA, topo I and the zinc complex (at 50 lM) for the topo I inhibition assay. When the three components are mixed simultaneously, there is extensive inhibition as a fastest wide band appears and this consists of supercoiled DNA and poorly relaxed DNA (Fig. 9 , lane 5). The light bands of topoisomers with different degree of relaxation can be seen. When the DNA is first incubated with zinc complex for 30 min before adding the topo I, the fastest moving band is wider, thereby appearing to be nearer to the slowest moving band (Form II). Incubating the topo I with zinc complex first before adding the DNA results in the fastest moving band (Fig. 9, lane 7) which is widest and which is positioned intermediate between those in lane 5 and lane 8. These observed differences in inhibition of topo I suggest initial binding of the zinc complex to either the topo 1 2 3 4 5 6 7 8 Fig. 9 Effect of sequence of mixing for the human topoisomerase I inhibition assay. Electrophoresis results of incubating human topoisomerase I (1 unit/21 ll) with pBR322 (0.5 lg/ll) and 50 lM Zn(3-Me-pic) 2 (phen). Lanes 1 & 6: 1 kb DNA ladder; L2: DNA alone; L3: DNA ? zinc complex alone; L4: DNA ? 1 unit topo I; L5: simultaneous mixing DNA ? topo I ? zinc complex; L7: incubated topo I ? zinc complex for 30 min, then added DNA with further incubation for another 30 min; L8: incubated DNA ? zinc complex for 30 min, then added topo I and further incubation for another 30 min I or the DNA give rise to differences in mode of action. Further investigation is underway. In addition, it is noted that 50 lM this zinc complex is highly efficient topo I inhibitor compared to ZnCl 2 which was reported to inhibit less than 10% of topo I activity at 50 lM and which could totally inhibit topo I at 300 lM (Douvas et al. 1991) .
Conclusion
The 
